Abrupt osmotic changes during rapid correction of chronic hyponatremia result in demyelinative brain lesions, but the sequence of events linking rapid osmotic changes to myelin loss is not yet understood. Here, in a rat model of osmotic demyelination syndrome, we found that massive astrocyte death occurred after rapid correction of hyponatremia, delineating the regions of future myelin loss. Astrocyte death caused a disruption of the astrocyte-oligodendrocyte network, rapidly upregulated inflammatory cytokines genes, and increased serum S100B, which predicted clinical manifestations and outcome of osmotic demyelination. These results support a model for the pathophysiology of osmotic brain injury in which rapid correction of hyponatremia triggers apoptosis in astrocytes followed by a loss of trophic communication between astrocytes and oligodendrocytes, secondary inflammation, microglial activation, and finally demyelination.
Adapting to anisosmolarity and changes in osmolarity is essential for cell survival. 1 In humans, hyponatremia is the most common electrolyte disorder and is associated with high morbidity and mortality. 2, 3 Interestingly, if chronic hyponatremia is corrected too quickly, there is a risk of osmotic demyelination syndrome (ODS), which can be fatal. 4, 5 Osmotic demyelination syndrome is a severe neurologic disorder that is characterized by discrete demyelinative lesions in the brain. The occurrence of these lesions in the pons is called central pontine myelinolysis, and the development of lesions outside the pons is known as extrapontine myelinolysis. Although the mechanisms that link rapid correction of chronic hyponatremia to ODS are poorly understood, several lines of evidence have suggested that the regulation of brain ionic strength may be defective or inefficient during rapid correction of chronic hyponatremia. 6, 7 During chronic hyponatremia, the brain is maintained at a nearly constant volume at the expense of potassium and organic osmolytes (osmotically active small molecules). When chronic hyponatremia is corrected too rapidly, the concentration of brain sodium increases beyond normal levels. In addition, the reaccumulation of organic osmolytes occurs at a much slower rate than for sodium. Therefore, the overshooting of the optimal sodium concentration in the brain occurs in the context of depleted organic osmolytes. 7 Interestingly, regional differences in organic osmolyte reaccumulation have been associated with particular patterns of demyelination in ODS, 8 but the mechanisms connecting impaired osmolyte reaccumulation, myelin loss, and the cells involved in this process remain elusive.
Studies have suggested that astrocytes are the primary cells that are responsible for regulating brain water content and organic osmolyte homeostasis. Astrocytes are in close contact with blood vessels, and pure astroglial cultures have shown that these cells are implicated in the regulation of organic osmolyte fluxes during anisosmotic conditions. 9, 10 A wealth of evidence has established the central role of astrocytes in the development and maintenance of normal myelin in the central nervous system (CNS), [11] [12] [13] and astrocyte pathology is well recognized in many demyelinating diseases. 14 -16 Because astrocytes can modulate the concentration of organic osmolytes in the brain and regulate myelin integrity, we hypothesized that these cells might contribute to the pathophysiology of osmotic-induced demyelination. These experiments were designed to test this hypothesis in a rat model of demyelination induced by rapid correction of chronic hyponatremia.
RESULTS

Serum Sodium Values before and after Hyponatremia Correction
Administration of DDAVP (1-desamino-8-D-arginine vasopressin) and a liquid diet resulted in severe hyponatremia in all experimental groups (Supplemental Tables S1 through S5). Correction of hyponatremia with intraperitoneal hypertonic saline resulted in a significant increase in serum sodium (SNa) at 24 hours postinjection.
Region-specific Astrocyte Death Occurs Early after Rapid Correction of Hyponatremia
We studied the distribution of the astrocyte marker glial fibrillary acidic protein (GFAP) using immunohistochemistry (IHC) in the brains of rats after rapid correction of chronic hyponatremia, and we observed a profound postcorrection loss of GFAP. Areas of GFAP loss were sharply demarcated from normal brain regions, and no GFAP loss was observed in uncorrected rats (Figure 1 , A through E). Because dehydration can induce a selective and reversible loss of GFAP in the rat hypothalamus, 17 there was a possibility that the changes observed in the GFAP immunostaining reflected the plasticity of GFAP instead of cell death. To resolve this issue, we performed IHC for two other astrocytic markers, aquaporin 4 and serum calcium binding protein 100 B (S100B), and we observed the same pattern of antigen reactivity loss (Supplemental Figure  S1 ). These data suggest the presence of extensive astrocyte damage as opposed to plastic adaptation of viable astrocytes during hyponatremia correction. To prove this hypothesis, we analyzed apoptosis using DNA fragmentation IHC (Apoptag) and found intense apoptotic signals in the region of astrocyte loss 12 hours after ODS induction (Figure 2 , E, F, and H). Interestingly, there was no evidence of apoptosis in uncor- Figure 1 . Rapid correction of chronic hyponatremia induces glial fibrillary acidic protein (GFAP) loss. In (A), immunohistochemistry for GFAP in rats 2 days after hyponatremia correction reveals a salient lack of immunoreactivity in the cortical regions, hippocampus, and basal ganglia (marked with *). At a higher magnification, in (B) the cortex of corrected rats shows a crisp demarcation between the area of GFAP reactivity and the region negative for GFAP. This contrasts with the normal GFAP (C and D) staining that was observed in uncorrected rats. In corrected rats, regions lacking macroscopic GFAP staining did not display any GFAP-positive cells (E) and only a limited amount of immunoreactive cellular debris. In contrast, as seen in (F), uncorrected control rats show a homogenous, star-shaped cellular GFAP staining pattern. The scale bar is 50 m.
rected rats (Figure 2 , B and C). In corrected rats, apoptotic signals were observed in all areas of GFAP loss, and Apoptag colocalized with dying GFAP-positive astrocytes ( Figure 2J) . Thus, the disappearance of astrocyte-specific proteins (i.e. GFAP, aquaporin 4, and S100B) and the increase in DNA fragmentation in GFAP-positive cells indicate that GFAP loss reflected apoptotic astrocyte death after rapid correction of chronic hyponatremia.
Reactive Astrocyte Hypertrophy Occurs around Regions of Astrocyte Death in ODS
Astrocyte hypertrophy and proliferation, which is termed gliosis, have been associated with several models of CNS injury.
Gliosis increases the production of GFAP and can easily be experimentally detected using IHC or quantitative reverse transcription (RT)-PCR. 18 After rapid correction of hyponatremia, we observed that GFAP-positive astrocytes surrounding the lesions appeared hypertrophic and had thicker extensions compared with astrocytes in hyponatremic or normonatremic rats (Supplemental Figure S2 , A through C). These changes were observed as early as 12 hours but were more prominent 24 hours to 6 days postcorrection. To quantify the gliosis detected by IHC after hyponatremia correction, we utilized the recently described astrocyte transcriptome, which demonstrated the high sensitivity and specificity of the aldehyde dehydrogenase 1 family, member L1 (Aldh1L1) for astrocytic lineage. 19 We studied the expression of GFAP and Aldh1L1 in hyponatremic rats and corrected rats 12 and 24 hours after ODS induction. In accordance with the increased GFAP expression observed in the surrounding gliotic astrocytes, we found that GFAP mRNA levels remained stable at 12 hours and increased at 24 hours posthyponatremia correction (Supplemental Figure S2D) . In contrast, Aldh1L1 transcript levels decreased significantly at 12 and 24 hours after ODS induction (Supplemental Figure S2E) . Because all GFAP-positive astrocytes also express Aldh1L1, the ratio between the transcript levels of GFAP and Aldh1L1 should indicate the extent to which GFAP mRNA is upregulated in viable astrocytes of normonatremic, hyponatremic, and injured rats. Compared with normonatremic rats, we found that the GFAP/Aldh1L1 mRNA ratio was 1.5 and 3 times higher at 12 and 24 hours postcorrection, respectively (P Ͻ 0.05 and P Ͻ 0.001), whereas no changes were observed in uncorrected controls (Supplemental Figure S2F) . These results indicate that first, there is no change in GFAP expression during chronic hyponatremia and, second, consistent with previous observations, 20 they demonstrate that after rapid correction of hyponatremia, the remaining viable astrocytes underwent reactive gliosis, which was indicated by GFAP induction.
Astrocyte Death Precedes Myelin Loss in a Rat Model of ODS
Because we observed that astrocyte death occurred in regions reported to be preferentially affected by demyelination in Figure 2 . Astrocyte apoptosis occurs early in osmotic demyelination syndrome (ODS). Double immunofluorescence for glial fibrillary acidic protein (GFAP) (green) and DNA damage (Apoptagா in red) showing homogenous GFAP staining in uncorrected control rats with no apoptotic cells (A through C). In contrast, 12 hours after correction of hyponatremia (D), a crisp demarcation (white line) distinguishes the astrocyte-depleted region from the adjacent regions containing undisturbed astrocytes. As shown in (E) and (F), the astrocyte-depleted region is strongly positive for DNA damage and also displays a clear delineation from the normal, nonapoptotic region (white line). At higher magnification, degenerating astrocytes stain positive for GFAP (G) but have lost their characteristic shape. Many apoptotic nuclei (H) also show bright staining for 4Ј,6Ј-diamino-2-phenylindole (DAPI) (I), and in (J) these cells colocalize with GFAPpositive cells (arrows). The scale bar is 100 m.
ODS, we wanted to investigate the temporal relationship between astrocyte death and myelin damage after rapid correction of hyponatremia. Therefore, we analyzed and quantified astrocyte death and myelin loss from 12 hours to 6 days postcorrection. As previously reported, 4, 21, 22 Microglial activation occurs during ODS, but the contribution of microglia in the genesis of ODS lesions is unclear. 23 Once activated, microglia release proinflammatory cytokines and free radicals that can contribute to astrocyte death; 24 therefore, astrocyte death in ODS may occur after microglial activation. We reasoned that if activated microglia played a role in astrocyte loss, microglial cells should be present at the earliest indication of astrocyte death. To test this hypothesis, we used IHC to detect ectodermal dysplasia 1 (ED1) expression, which is a marker of activated microglia/macrophages. Interestingly, no ED1-positive cells were detected 12 hours after the correction of hyponatremia ( Figure 4 , B and H). We found that microglial activation did not occur until 2 days postcorrection ( Figure 4 , A through F and I), which was confirmed by analyzing the expression of another well-described marker of microglial activation, ionizing calcium-binding adaptor molecule (Iba1). Compared with normonatremic controls, RT-PCR did not reveal any difference in Iba1 gene expression 12 hours after hyponatremia correction ( Figure 4Q ). After correction, infiltrat- Figure 3 . Loss of astrocytes occurs before demyelination after excessive correction of chronic hyponatremia. Myelin labeling (anti-MBP) in the cortex of uncorrected hyponatremic rats (A) and 12 hours (B) postcorrection did not show any reduction of MBP staining in uncorrected rats or 12 hours after hyponatremia correction. However, at 6 days postcorrection (C), myelin staining was reduced in the subcortical regions. Homogenous GFAP staining was found in uncorrected controls (D), but there was a marked loss of subcortical GFAP staining as early as 12 hours after the correction (E) that persisted for up to 6 days postcorrection (F). Double immunofluorescence detection of astrocytes (GFAP in red) and oligodendrocytes (adenomatous polyposis coli (APC) clone CC1 in green) shows a normal density of astrocytes and oligodendrocytes in uncorrected control rats (G). Astrocyte loss occurred 12 hours after the correction of hyponatremia (*) without evident oligodendrocyte death (H), whereas both astrocytes and oligodendrocytes were lost 6 days postcorrection, which is shown in the lower half of the image (*) (I). In (J) and (K), double immunofluorescence showing the preservation of myelin (MBP in red) in the hippocampus at 12 hours postcorrection despite astrocyte death (GFAP in green). Six days after correction (L), myelin loss had occurred in the astrocyte-depleted regions (*). The scale bar is 50 m. In the graph (M), astrocyte loss (GFAP-negative brain surface area in green) and demyelination (MBP-negative brain surface area in red) were quantified after hyponatremia correction by computer-assisted image analysis, showing the progression of astrocyte and myelin damage over the 6 days after correction of serum sodium. Each group represents a different time point postcorrection. (*, P Ͻ 0.001 compared with controls, ANOVA test, n ϭ 6 for each group). Ctrl, control; GFAP, glial fibrillary acidic protein; MBP, myelin basic protein; hypoNa, hyponatremia.
BASIC RESEARCH www.jasn.org ing microglia was primarily observed in the regions of GFAP loss ( Figure 4 , I through L). Using the same techniques, we did not find any evidence of lymphocytes or neutrophils invasion during ODS at any of the time points assayed after hyponatremia correction (Figure 4 , M through P).
Early Downregulation of Astrocyte-Oligodendrocyte Gap Junction Proteins after ODS Induction
Astrocytes and oligodendrocytes are connected by complex gap junctions composed of connexins (Cx), and astrocytes provide trophic support to oligodendrocytes, which is important for myelination. 13, 25 In the CNS, Cx43 expression is restricted to astrocytes and couples with Cx47, which is only present in oligodendrocytes. 26 Impairment of heterotypic Cx43:Cx47 gap junctions by deleting one of the partners results in myelin pathology 22 . We studied Cx43 gene expression and found that it was substantially downregulated 12 hours after hyponatremia correction (P Ͻ 0.001 compared with controls). This was particularly notable given the high incidence of concomitant astrocyte death. We then studied the expression of Cx47, which is the oligodendroglial partner of Cx43 and found a significant reduction of Cx47 mRNA 12h after the correction of hyponatremia. (P Ͻ 0.0001 compared with controls; Figure 5A ). Interestingly, no alteration in the expression of Cx43 or Cx47 was found in hyponatremic rats. These results provide evidence that astrocyte loss after the correction of chronic hyponatremia leads to an anatomic disruption of the astrocyte-oligodendrocyte gap junction unit.
The mRNA level of myelin basic protein (MBP), which is an oligodendrocyte-specific protein, is a strong indicator of myelination and oligodendrocyte integrity. 27, 28 Conversely, oligodendrocyte gene expression of the oligodendrocyte-specific protein 2Ј,3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNPase) is not necessary for normal myelination, but CNPase mRNA is rapidly downregulated during inflammation despite cell viability. 29, 30 To gain additional insight into the temporal relationship between astrocyte damage and myelin loss, we studied the expression of these two genes 12 hours after hyponatremia correction. No changes in MBP gene expression were found, but we did find a significant downregulation of CNPase mRNA during chronic hyponatremia and a further decrease after correction ( Figure 5B ). S100B Is Released, and Inflammatory Genes Are Robustly Induced upon Astrocyte Death in Early ODS S100B, which is a calcium-binding protein that is released by astrocytes during metabolic stress, can act as a damageassociated molecular pattern. Serum and cerebral spinal fluid levels of S100B have been used as markers of CNS injury. 31 In neuromyelitis optica, astrocytes die before demyelination occurs, and cerebral spinal fluid or serum levels of S100B correlate with the clinical manifestations of the disease. 32 We explored the possibility that astrocyte death in ODS induces S100B release by evaluating serum S100B levels after hyponatremia correction. We observed that there was a significant increase in serum S100B at 12 hours postcorrection that continued until 3 days postcorrection (P Ͻ 0.001 compared with S100B levels before the correction; Figure 6A ). Immunofluorescence detected S100B in astrocytes and in the extracellular matrix (Supplemental Figure  S3 , B and C). S100B acts on astrocytes in an autocrine and paracrine fashion to stimulate the production of several inflammatory cytokines including IL1␤, TNF␣, and macrophage chemotactic protein 1 (MCP-1). 33, 34 These cytokines have been associated with some of the relevant pathologic observations that occur after rapid correction of hyponatremia. For example, they can potentiate a persistent opening of the blood-brain barrier (BBB), activate microglia, and cause direct oligodendrocyte death and demyelination. [35] [36] [37] We investigated whether changes in the transcription of inflammatory genes in rat brain occur during normonatremia, chronic hyponatremia and/or 12 hours after the correction of chronic hyponatremia. We found a strong upregulation of TNF␣, IL1␤, MCP-1, and IL10 at 12 hours posthyponatremia correction ( Figure 6B ). These results are particularly intriguing, because no peripheral immune cells or microglia could be detected at this time point.
Serum Levels of the Astrocytic Protein S100B Predict Inadvertent Correction of Hyponatremia and Correlate with the Neurologic Manifestation of ODS
In humans, ODS is associated with a variable prognosis ranging from full recovery to death. The onset of ODS is insidious, and the magnitude of the disease course is delayed by 1 to 3 days after the correction of hyponatremia. 38 Rapid recognition of ODS could aid in treatment because prompt reduction in serum sodium levels can benefit patients in the early stages of the disease. 39, 40 Therefore, we investigated whether the early neurologic manifestations and fatal outcome in ODS could be predicted on the basis of serum S100B levels. Compared with asymptomatic rats, we showed that 24 hours after serum sodium correction, S100B was significantly higher in rats undergoing early neurologic manifestations (within 2 days postcorrection). In addition, S100B levels were elevated in rats that died within 2 days or after 6 days postcorrection. Furthermore, S100B levels correlated with the gravity of the neurologic damage ( Figure 7, A and B) .
The correction gradient present 24 hours after the correction of hyponatremia is a major determinant of subsequent brain demyelination. Previous findings have shown that pathologic lesions occur in the majority of rats that achieve an SNa gradient greater than 23 mEq/L/24 hours. 41 We investigated whether there was any difference in S100B serum levels in rats with respect to the 23 mEq/L per 24-hour threshold. To accomplish this, we separated the rats into two groups on the basis of SNa gradient achieved at 24 hours postcorrection. We found that rats with a gradient less than 23mEq/L showed no increase in S100B levels compared with controls, whereas rats with a gradient greater than 23mEq/L displayed a significant Figure 4 . Loss of astrocytes is independent of microglial activation and lymphocytes/neutrophils infiltration. No activated microglial cells (anti-CD68, clone ED1) were present in controls (A) or in rats at 12 hours (B) or 24 hours (C) postcorrection. Microglial cells were detected at 2 (D), 4 (E), and 6 days after the correction (F). The scale bar is 100 m. Double immunofluorescence for activated microglia (CD68, clone ED1 in green) and astrocytes (GFAP in red) in uncorrected controls (G) confirmed the homogenous distribution of astrocytes and the absence of microglia. Astrocytes were scarce 12 hours postcorrection, and no microglial cells were detected (H). (I) Massive microglial activation and complete astrocyte loss were found 6 days postcorrection. At that time, numerous hypertrophic astrocytes were seen at the lesion border (J), and activated microglial cells were only present at the center and within the borders of the lesions (K through L). The scale bar is 100 m. In (M through P), double immunofluorescence for astrocytes (GFAP in red) and lymphocytes (CD3 in green) in the brain (M) with spleen tissue as a positive control (N) and in (O), double immunofluorescence for neutrophils (myeloperoxidase (MPO) in red) and astrocytes (GFAP in green) with thymus tissue as a positive control (P) demonstrates that no MPO-or CD3-positive cells could be detected either within or around the regions of astrocyte loss (brackets). The scale bar is 100 m. The graph in (Q) shows that no significant differences in the gene expression of Iba1 mRNA, a marker of microglial activation, in normonatremic controls (NN) or hyponatremic rats (HYPO) and 12 and 24 hours after correction (n ϭ 5 to 7, P ϭ NS by ANOVA). Ctrl, control; GFAP, glial fibrillary acidic protein; ODS, osmotic demyelination syndrome; ED1, ectodermal dysplasia 1.
BASIC RESEARCH www.jasn.org increase in serum S100B ( Figure 7C) . Importantly, the magnitude of the increase in S100B levels directly correlated with the serum sodium gradient achieved during the correction ( Figure  7D ). Taken together, these data suggest that S100B could serve as a marker of neurologic damage in patients after rapid correction of chronic hyponatremia.
Astrocyte Death Occurs without Neuronal Damage in ODS
After brain injury, neuron specific enolase (NSE) levels in the serum have been shown to increase in correlation with neuronal damage. 42 We investigated whether neuronal damage occurs concomitantly with astrocyte loss in ODS and whether NSE could serve as a marker of injury. We performed IHC for the neuronal marker microtubule-associated protein 2, and we did not find any apparent neuronal loss in the region of astrocyte death (Supplemental Figure S4A) . We also assayed serum NSE mRNA levels at 12 and 24 hours after hyponatremia correction, but we did not find a significant increase in NSE at either time point (Supplemental Figure S4 , B and C).
Astrocyte Death Is Concomitant with BBB Damage in ODS
Astrocytes are a physical and functional component of the BBB. Astrocyte damage induces BBB dysfunction, and BBB abnormalities can theoretically also result in astrocyte damage. To investigate the relationship between astrocyte damage and BBB dysfunction, we studied BBB permeability at different time points after hyponatremia correction using IHC for IgG. We found that the first evidence of BBB damage occurred 12 hours postcorrection, which coincides with the time of astrocyte death ( Figure 8, A through I ). Six hours after hyponatremia correction, no evidence of BBB dysfunction was detected.
DISCUSSION
The ability of a cell to cope with changes in extracellular osmolarity is essential for survival, and abrupt changes in the tonicity of extracellular fluid can result in cell death. 1 Aggressive correction of chronic hyponatremia in patients can induce fatal CNS demyelination. 4, 5, 43 During chronic hyponatremia, organic osmolyte stores are depleted, and the reaccumulation of these osmolytes is impaired upon rapid hyponatremia correction. 6 -8 Recent evidence suggests that insufficient organic osmolytes during correction of chronic hyponatremia is involved in astrocyte death in ODS. One important clue is that the distribution of astrocyte loss after ODS induction in this study seems to correlate with both the distribution of the main organic osmolyte transporter in the rat brain and the gradient of osmolyte depletion during chronic hyponatremia. 8, 44 Another key observation was that supplementation with the osmolyte myo-inositol prevented experimental ODS 45 and astrocyte death upon hyperosmotic challenge in vitro. 46 By studying the temporal relationship between astrocyte and myelin loss, we showed that astrocyte death precedes demyelination. Connexins connect astrocytes to each other and to oligodendrocytes in a network termed the "glial syncytium," and the integrity of this network is crucial for normal CNS functions, 26, [47] [48] [49] such as myelination and remyelination upon demyelinative injury. 11, 13, 25 The importance of the glial syncytium for myelination has been shown in studies utilizing genetic deletions of connexins 43 and 47. 12,50 In this study, we provided conclusive evidence that rapid correction of chronic hyponatremia results in early changes to the astrocyte-oligo- dendrocyte gap junction complex, which may contribute to demyelination in ODS.
In addition, these data suggest an interesting conclusion regarding the S100B protein. Autocrine and paracrine interactions between stress-induced astrocyte production of S100B and receptor-advanced glycosylated end products after injury contributes to cytokines production and the inflammatory response in the CNS. 33, 34 We found that increased production of S100B in ODS correlated with neurologic manifestations and death. One possible explanation for this result is that the increase in S100B may reflect damage to the BBB during rapid correction of chronic hyponatremia. Alternatively, S100B induction may simply be a direct marker of astrocyte demise, which results in increased production of inflammatory cytokines. 30, [35] [36] [37] Although astrocytes can potentially produce all of the cytokines that were upregulated in our experiments, further studies, including cell culture models, are needed to fully characterize the changes in astrocyte phenotype and gene expression during ODS. Astrocyte death was also accompanied by a significant and early downregulation of CNPase; however, the expression of CNPase is not necessary for proper myelination. 29 The striking differential regulation of MBP and CNPase during hyponatremia and its correction suggests the presence of early oligodendrocyte disturbance accompanying astrocyte death.
These data also suggest that astrocyte death is associated with local disruption of the BBB, which is known to affect the ODS lesions. 39, 51 Together, these observations provide several mechanistic links between astrocyte death and the ensuing demyelination seen in ODS.
Consistent with a previous study, 20 we found evidence of gliosis in nonlesioned rat brain areas surrounding lesioned regions. The full significance of these findings remains unknown, but one might hypothesize that gliosis prevents astrocyte death and limits the extent of demyelination. Another explanation could be that gliosis act in combination with astrocyte death to promote late demyelination in ODS.
We demonstrated that activated microglia appear after astrocyte loss and concomitantly with the earliest demyelinative lesions, which strongly suggests that microglia are not directly responsible for the initial pathogenesis of ODS. An attractive possibility is that microglia are activated by the inflammatory mediators produced during astrocyte death and appear late in ODS to scavenge myelin debris.
Astrocytes are not only a structural component of the BBB, but they are also necessary for the induction of many important BBB basal lamina proteins, which regulate the permeability of the BBB. In these experiments, we also showed that the BBB dysfunction occurred concurrently with the earliest morphologic evidence of astrocyte death. Two potential explanations could account for these findings: (1) astrocyte death could induce dysfunction of the BBB, which has been shown in other models 11, 52 or (2) the BBB dysfunction itself could induce damage to astrocytes. The second hypothesis is not supported by other models of BBB damage including osmotic disruption by mannitol infusion or stroke, where no astrocyte death occurs despite a dramatic BBB rupture. 53, 54 The results presented here cannot unequivocally prove whether astrocyte death in ODS is the consequence of BBB dysfunction or vice versa.
The clinical outcome of ODS is unpredictable and may have devastating consequences that could be avoided if the patients who could benefit from hyponatremia reintroduction were identified. These results suggest that serum S100B could be used to identify these patients before their symptoms manifest, Figure 6 . Astrocyte death is accompanied by a release of S100B and changes in inflammatory marker gene expression. (A) quantitative RT-PCR for IL1␤, TNF␣, macrophage chemotactic protein 1 (MCP-1), and IL10 in normonatremic rats, hyponatremic controls, and 12 hours postcorrection revealed upregulation of these genes. (P Ͻ 0.01 for all four genes, ANOVA, n ϭ 5 for each group). (B) A gradual increase in serum S100B occurred after rapid hyponatremia correction with a significant increase beginning 12 hours postcorrection (*P Ͻ 0.05, **P Ͻ 0.001, ANOVA, n ϭ 5 to 9).
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Differences in astrocyte populations within the same species and between different species 55 have been described on the basis of morphology, cell surface channels, and location. In addition, specific risk factors, such as malnutrition and alcoholism, have been associated with ODS in humans. Therefore, any speculation on the role of astrocyte pathology in human ODS should be cautious and cognizant of these points.
In summary, these results suggest that astrocytes are a key target in ODS. In addition, these data support a novel mechanism for ODS in which rapid correction of hyponatremia causes astrocyte death and a loss of cell-to-cell communication between astrocytes and oligodendrocytes. Along with the inflammatory microenvironment created by dying astrocytes, this could explain the salient pathologic features of ODS, including increased BBB permeability, microglial activation, and demyelination.
CONCISE METHODS
Rats and Hyponatremia Induction and Correction
Male Wistar rats (200 to 300 g) were used for all experiments. Chronic hyponatremia was induced by a combination of continuous DDAVP treatment (Minirin Ferring. Sweden) through osmotic minipump (Alzet) and a liquid diet (AIN 76; Technilab BMI Sommeren Netherlands). 43 Hyponatremia was maintained for 4 days and was rapidly corrected by a single intraperitoneal injection of 1 M NaCl. To obtain a wide range of SNa levels for S100B analysis, rats were administered Figure 7 . Serum S100B predicts neurologic deficit and correlates with the correction gradient of serum sodium in osmotic demyelination syndrome. (A) shows that early neuropathological manifestations and death are associated with higher S100B concentrations after correction with hypertonic saline (P Ͻ 0.001 by Wilcoxon signed-rank test for matched pairs). (B) S100B levels correlated with the neurologic manifestations (n ϭ 42, r ϭ Ϫ0.51, P ϭ 0. 0012) and the gradient of serum sodium. (C) n ϭ 42, r ϭ 0.45, P ϭ 0.0035 by Spearman correlation. (D) Serum S100B levels were elevated 24 hours postcorrection in rats that achieved a gradient greater than 23 mEq/L/24 hours (P Ͻ 0.0001 by Wilcoxon signed-rank test for matched pairs), whereas no changes were seen in rats with a gradient less than 23 mEq/L/24 hours (n ϭ 11 for the low gradient group and n ϭ 31 for the high gradient group).
two different doses of hypertonic saline (1 ml/100 g of body weight or 2 ml/100 g of body weight). A high correction gradient after hypertonic saline injection results in a high rate of early mortality, which precluded analysis of rats during late ODS. To circumvent this problem, the experiments were repeated to obtain enough rats for histologic studies, RT-PCR analysis, and S100B experiments. Rats were allowed to eat 1 day after the correction and drink 2 days after the correction to avoid a secondary decrease in serum sodium levels. 39 Procedures were performed in accordance with the guidelines for animal care at Université Libre de Bruxelles.
Quantification of Astrocyte Death and Myelin Loss
For histologic quantification of astrocyte and myelin loss, the rats were euthanized at various time points depending on their group allocation, and rat brains were processed for immunohistochemistry (GFAP and MBP) as described later. Areas of astrocytes and myelin loss were quantified using computer assisted image analysis. 56 The rats were allocated into different groups. Group 1 consisted of normonatremic rats, group 2 comprised uncorrected hyponatremic rats (electrolyte levels were measured 4 days after the insertion of the minipump), and groups 3 to 5 and 6 to 8 consisted of corrected rats that were processed for IHC 6, 12, and 24 hours and 2, 3, and 6 days after SNa correction, respectively. The serum SNa concentration was analyzed at 6 and 12 hours postcorrection for groups 3 and 4 and 24 hours after the correction for groups 5 to 8.
Immunohistochemistry, Double Immunofluorescence, and Apoptosis Detection
Immunohistochemistry was used to detect astrocytes, myelin, oligodendrocytes, neutrophils, microglia and lymphocytes as described previously. 56 The antibodies used are listed in Supplemental Table S4 . Double immunofluorescence was performed using a tyramide amplification kit and commercially available fluorescence secondary antibodies. Apoptosis detection was performed using the commercial kit Apoptag, which detects nick-ended DNA fragments present in apoptotic cells.
Blood-Brain Barrier Integrity Analysis
The localization of the BBB rupture was performed by one-step IHC to detect rat IgG in brain slices. Detailed procedures have been previously described. 56 
S100B Measurement and Kinetics
To determine whether the S100B serum concentration increased after hyponatremia correction, we assayed S100B levels in living rats at different time points after being treated with hypertonic saline. To investigate the correlation between the correction gradient and S100B, statistical analysis required numerous data points at various gradients. Because the initial saline injection (2 ml/100 g of body weight) resulted in high SNa gradients, we used a half-dose of hypertonic saline to obtain more rats with lower serum sodium gradients. For correlation studies, S100B was analyzed along with the SNa gradient in all of the rats that received hypertonic saline and manifested Figure 8 . BBB is disrupted in astrocyte-depleted regions in osmotic demyelination syndrome. The kinetics of BBB permeability after hyponatremia correction were evaluated using IHC for IgG. No extravated IgG was found in normonatremic rats (A), uncorrected hyponatremic controls (B), and 6 hours postcorrection (C), which suggests that BBB damage did not occur in these groups. In contrast, at 12 hours (D), 24 hours (E), and 48 hours (F) postcorrection, significant IgG immunoreactivity was observed in the subcortical regions and basal ganglia (arrows). This pattern persisted until 6 days postcorrection (G). In rats treated with hypertonic saline, IgG deposition was preferentially seen in astrocyte-depleted regions (H and I).
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Blood Measurements
Blood samples were collected from the tail vein, and electrolytes were analyzed by MODULAR p800 (Roche). S100B (S100 A1B and S100 BB) and NSE were measured with an automated, noncompetitive, electrochemiluminescent immunoassay on a Cobas e411 (Roche Diagnostics) following the manufacturer's instructions. 42 
RNA Isolation and RT-PCR
Preliminary experiments as well as the IHC experiments described above showed that the cortex was invariably affected during rapid correction of hyponatremia, and therefore that region was chosen for all of the PCR studies. In a separate set of rats (Supplemental Table  S3 ), total RNA was extracted from the rat cortices using the Tripure TM reagent and a High Pure RNA Isolation Kit TM (both from Roche) according to the manufacturer's instructions. After quantification of extracted RNA, reverse transcription, and amplification of the subsequent cDNA, the PCR product was quantified using the ⌬C t method with the glyceraldehyde-3-phosphate dehydrogenase gene as an internal control. The primer sequences used for amplification are described in Supplemental Table S5 .
Statistical Analyses
All of the data were analyzed using Statdirect software TM (StatsDirect Ltd.). A Shapiro-Wilk's test was conducted for all variables to assess normality. A paired or unpaired t test (or their nonparametric alternatives) and ANOVA or a Kruskal Wallis test were used to assess variance between the groups and were followed by the appropriate least statistical significance post hoc tests. Correlation was analyzed by a Spearman rank test. All of the data are presented as the means Ϯ SEM, and statistical significance was accepted when P Ͻ 0.05.
